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Abstract: This study comprehensively analyzed the heat loss and total heat transfer coefficient
(U-value) of a single-span experimental plastic greenhouse covered with a double layer of 0.1 mm
thick polyethylene. The air temperature and heat flux (W m~2) of the greenhouse components were
measured from 18:00 to 06:00, and the energy balance equations under steady-state conditions were
determined. The heat flux and U-value of the roof, sides, front and rear, and floor of the greenhouse
were determined and compared. The results showed that these values for the roof play an important
role in determining the heat load in the greenhouse, and that the average heat transfer through
the floor is very small. The average U-value of the greenhouse cover is a comprehensive value
which takes the U-values of the roof, sides, and front and rear into account through the use of an
area—weighted average method. Finally, an average U-value of 3.69 W m~2 °C ~! was obtained
through the analysis of the variations in the U-value, as it is related to the difference in air temperature
between the interior and exterior of the greenhouse, as well as to the outdoor wind speed. The
relationships between the average U-value and those of the roof, sides, and front and rear of the
experimental greenhouse were modeled, and were shown to have a highly linear relationship.

Keywords: total heat transfer coefficient; plastic greenhouse; heat flux; area—weighted average;
heat load

1. Introduction

The worldwide use of plastic greenhouses has increased over the last 30 years [1]. In
South Korea, they occupied 51,719 ha in 2019, and accounted for approximately 99% of all
greenhouses—including plastic, polycarbonate, and glass—used for growing vegetables [2].
The main goal of using plastic greenhouses is to grow vegetables reliably despite harsh
external weather conditions. However, the structures of these greenhouses are very weak,
and cannot maintain their heat at an appropriate temperature to allow the growth of crops
in winter [3]. Bouadila et al. [4] reported that internal climate control is one of the major
problems with greenhouses, and the lack of adequate heating has an unfavorable effect on
greenhouse crop yield. Nayak and Tiwari [5] found that heating greenhouses is one of the
most energy-consuming operations among those performed for protected cultivation. As
a result, heating systems are essential equipment in greenhouses, and the cost of heating
greenhouses during harsh winters has been a burden on cultivators using greenhouse
farming techniques [4,6,7]. Moreover, most of the farmers practicing protected cultivation
in South Korea utilize fossil fuels to heat greenhouses—they account for 30-40% of the
total operational costs of structures used in protected cultivation [8,9]—with the result that
the fluctuations in the international price of oil have increased the management risk of
protected horticulture.
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In order to save energy in heated greenhouses, farmers have been forced to use
advanced thermal insulation materials, such as greenhouse covers, to increase the resistance
to weather and minimize greenhouse damage [7,10-13]. Kim et al. [10] reported that the
energy-saving effect of greenhouses is mainly represented by a decrease in the total heat
transfer coefficient (U-value); the energy consumed by a plastic greenhouse decreased by
70.8 kWh when its U-value decreased by 1 W m~2 °C~!. Therefore, an accurate calculation
of the heat load and thermal insulation of greenhouse covers is required, and these are
usually quantified as U-values. It is vitally important to determine greenhouse U-values
and analyze them comprehensively because they could be one criterion with which to
produce greenhouse covering materials that can improve the thermal insulation and
resistance to weather of greenhouses [7,14-16]. Over the past few years, there have been
several fragmented studies on the U-values and heat load of plastic greenhouses in South
Korea. However, few studies have comprehensively analyzed the heat loss and U-value of
a single-span greenhouse covered with the double-layered polyethylene material widely
used across South Korea [2,10].

In order to characterize the heat loss from greenhouses, we investigated the variations
in heat flux and heat transfer from experimental greenhouse covers and floors. Here, we
present the representative U-value for the greenhouse that we calculated using an area—
weighted average, the analysis of the variations in the U-value in relation to differences in
air temperature and outdoor wind speed, and a comparison of the U-values of the roof,
sides, and front and rear of the greenhouse. We also present the relationships between
the average U-value and those modelled for the roof, sides, and front and rear of the
experimental greenhouse.

2. Materials and Methods
2.1. Experimental Greenhouse and Measurements

The experimental greenhouse was a single-span plastic building oriented to the north
and south. Figure 1 shows a schematic of the experimental greenhouse, which had an
inner usable floor area for cultivating plants measuring 225 m? (7.5 m x 30 m), and a floor
area exposed to the outside air covering 272 m? (8.0 m x 34 m). The central height of
the outer cover was 3.3 m. The outer cover area was 454 m2, and the surface areas of the
roof, sides, and front and rear covers of the greenhouse were 302 mZ, 108 m?2, and 44 m?,
respectively. It was covered with a double layer of 0.1 mm polyethylene films, with the
distance between the film layers being 25 cm. It was installed at the Protected Horticulture
Research Institute (35°23’ N, 128°42’ E), South Korea, and contained strawberries planted
in elevated soil beds.
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Figure 1. Schematic of the experimental greenhouse: (T1) outdoor air temperature; (T2) indoor air
temperature; (H1, H2, H3) heat flow sensors installed on the roof, sides, and floor, respectively.
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The greenhouse was heated using a kerosene hot-water boiler which supplied hot
water through pipes installed across the length of both sides of the greenhouse. The hot-
water boiler was activated at a thermostat set point of 8 °C, thus maintaining a stable
indoor air temperature in the greenhouse despite the error and differences in temperature
between the upper and lower set points of the thermostat. Measurements were taken on
consecutive days between 24 February and 3 March 2016. They were recorded from 18:00
on one day to 06:00 of the next day, and the data recorded during this period were averaged
in order to be presented as a result for one day.

The outdoor air temperature was measured approximately 1.5 m off the ground using
two TempRetriever RH data loggers (MadgeTech, Warner, NH, USA) with accuracies of
£0.5 °C over a range of —40-80 °C and resolution of 0.1 °C. The indoor air temperatures
were measured approximately 0.9 m above the furrows using three TempRetriever RH data
loggers. The heat flux of the cover and floor of greenhouse were measured using heat flow
sensors (MF-180M, EKO Instruments Co., Tokyo, Japan) and stored in a model MV 2000
(Yokogawa, Japan). The sensitivity of the heat flow sensor was 0.025 mV/W m~2 within a
range of —30-120 °C. For the floor, the heat flux at a depth of 0.1 m in the elevated soil beds
was measured using three heat flow sensors; for the cover, the heat flux of the roof, sides,
and front and rear of the experimental greenhouse was measured using three heat flow
sensors (Figure 2). The air temperature and heat fluxes from all of the sensors were used to
record 10-min averages. The outdoor wind speed was measured from approximately 4.0
m above the ground using a model 05103 wind sensor (R. M. Young, Traverse, Michigan,
USA) with an accuracy of 0.3 m s~! over an operating temperature of —50-50 °C, and
was recorded in a data logger (CR 1000, Campbell Scientific, Logan, Utah, USA). The wind
speed was measured every minute, and was averaged at 10-min intervals.

Figure 2. Photographs of the greenhouse with the heat flow sensors: (a) roof, (b) side, and (c) floor.

2.2. Heat Balance in the Greenhouse

Under steady-state conditions, the energy balance equation of the greenhouse can be
expressed as follows [13,17]:

Q= qfloorAfloar + qcoverAcover 1)

where Q is the average heat transfer to the greenhouse (W), g0, is the heat flow per unit of
inner usable area of the greenhouse floor (W m~2), Aﬂoor is the floor area (m?2), Jcover 15 the
heat flow per unit area of the greenhouse cover (W m~2), and A er is the cover area (m?).
The direction of the heat flow is positive towards the exterior of the greenhouse (going
away from the cover and the floor), and negative toward the interior of the greenhouse
(coming towards the cover and the floor).

The expression on the right-hand side of Equation (1) sums the exchanges between
the greenhouse floor and the surface of the cover. The qeoper Acover Value was determined
using the following equation:

qcoverACOUW = qroofA‘fODf + qsideASidE + qfront—rearAfVOHf—Yf?ll‘/ (2)

where qyoof, side, a0 Qpront-rear (W m~2) are, respectively, the heat fluxes of the roof, sides,
and front and rear covers of the greenhouse; A;f, Aside, and Aot rear (m?) are the surface
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areas of the roof, sides, and front and rear covers of the greenhouse, respectively; and Acver
is the sum of the surface area of the roof, sides, and front and rear covers of the greenhouse.
It is assumed that the heat flux of the front cover is equal to that of the rear cover.

The heat flux of the roof, sides, and front and rear covers of the greenhouse can be
expressed as follows [7,14,18,19]:

Qeover = U (Tin — Tout) 3)

where U is the U-value (W m~2 °C ~1) of the greenhouse cover, T;, is the indoor air
temperature (°C), and T, is the outdoor air temperature (°C).

The U-value embodies the coefficients of heat transfer by conduction, convection, and
radiation [17,20,21]. In Equation (3), the U-value is given as an area-—weighted average, as
follows [22,23]:

U = Yeover . UroofAroof + UsidgeAside + UfrontfrearAfrontfreur @)
(Tin - Tout) Acover

where Ujgof, Usige, and Upontreqr are the heat transfer coefficients (W m~2 °C ~1) of the roof,
sides, and front and rear covers of the greenhouse, respectively.

3. Results and Discussion
3.1. Climatic Conditions

Figure 3 shows the change in the outdoor and indoor air temperatures, and outdoor
wind speed, gathered as 10-min data and averaged to represent one night. The outdoor
air temperature was 0.5 °C on average, varying between —3.0 and 7.0 °C; the indoor air
temperature was 8.5 °C on average, varying between 6.3 and 13.2 °C; the outdoor wind
speed ranged from 0.5 to 2.3 m s~!, with an average value of 1.3 m s~ 1.
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Figure 3. Variation in the outdoor wind speed and air temperature inside and outside the experimen-
tal greenhouse (24 February and 3 March 2016).

3.2. Heat Flux and Heat Transfer from the Cover and the Floor

Figure 4 shows the hourly variations in the heat flux through the greenhouse cover
and floor. The heat flux of the roof, sides, and front and rear range, respectively, from 26.6
to 38.0 W m 2, at an average of 34.3 W m~Z; from 13.8 to 21.4 W m~2, at an average of
19.1 W m~2; and from 15.2 to 21.5 W m~2, at an average of 18.6 W m~2. The heat flux
values of the sides and front and rear of greenhouse are similar; they are equivalent to
55.7% and 54.0%, respectively, of the heat flux of the roof.
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Figure 4. Variations in the heat fluxes of the cover (roof, sides, front and rear) and floor of the
experimental greenhouse (24 February and 3 March 2016).

These results show that the heat flux of the greenhouse roof has an important effect
on the heat load due to the transfer of the inside-greenhouse heat driven by the buoyancy
of the air. This reveals that designing greenhouse structures to minimize the roof area
available and to insulate carefully the roof area could play a major role in saving the heat
energy therein. This result is in close agreement with those in previous studies [3,13].

Figure 4 also shows that the heat flux through the floor decreases from 7.9 to —7.5
W m~2, at an average of —2.6 W m~2, as a function of time. This confirmed that the
average contribution of heat from the floor represented approximately 7.6% of the heat
flux of greenhouse roof. The heat flux through the floor reached 0 at 21:00. From 18:00 to
21:00, the heat flux through the floor moved downwards, thus contributing negatively to
the greenhouse heating load, whereas the heat flux through the floor after 21:00 moved
upwards, thus contributing positively to the load after that time. This is because the floor
plays an important role in heat storage and release; various factors have been known to
influence the direction (negative, positive) of the heat fluxes of the cover and the floor
of the greenhouse: the solar radiation captured by the greenhouse floor during the day;,
the internal temperature setting of the greenhouse, and the difference in the internal and
external temperatures [3,14]. From 18:00 to 21:00, the floor stores heat from the air in
the greenhouse and canopy (taken up by them in the form of solar radiation during the
day), whereas from 21:00 to 06:00, the floor releases heat into the greenhouse when the
difference between the indoor and outdoor temperature exceeds approximately 7.5 °C at
21:00 (Figure 3).

Figure 5 shows the heat transfer rate through the cover and floor of the greenhouse, as
determined by multiplying the heat flux and the area of the two components (as described
in Equations (1) and (2)).

Figure 5 also shows that the heat transfer rate through the floor decreases from 1.8
to —1.7 kW, at an average of —0.6 kW, as a function of time. The average heat transfer
through the floor represented about 4.4% of the heat lost from the greenhouse through
the cover. The low transfer rate of heat from the floor here is similar to the results from
previous studies [7,13,14]. This suggests that the heat transfer from the floor was assumed
to be relatively low, and can thus be ignored in terms of the total heat transferred from the
greenhouse [7].

The area of the greenhouse components and the average heat transfer from them are
listed in Table 1. The rate at which heat was transferred through the cover was determined
as the sum of the heat transfer from the roof, sides, and front and rear; it varied between
10.2 kW and 14.7 kW (average of 13.3 kW). The rate of the heat transfer through the roof,
sides, and front and rear ranged, respectively, from 8.0 kW to 11.5 kW, from 1.5 kW to
2.3kW, and from 0.7 kW to 1.0 kW. The rates of the heating load from the greenhouse cover
were calculated to be 78.2%, 15.8%, and 6.0% through the roof, sides, and front and rear,
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respectively. As before, the component of the greenhouse that bore most of the heat load
was the roof, owing to heat transfer driven by the buoyancy of the air inside the greenhouse
and its area.

16
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Figure 5. Variations in the heat transfer from the cover (roof, sides, front and rear) and floor of the
experimental greenhouse (24 February and 3 March 2016).

Table 1. Area and average heat transfer from the roof, sides, front and rear cover, and floor of the
experimental greenhouse.

Greenhouse Component Area (m?) Heat Transfer (kW)
Roof 302 10.4
Sides 108 2.1
Front and rear 44 0.8
Floor 225 —0.6

3.3. Assessing the U-Values of the Greenhouse Cover

Figure 6 shows the hourly variations in the U-values through the greenhouse cover
(roof, sides, and front and rear), including the average U-value (Equation (3)). The average
U-value of the greenhouse cover is a comprehensive value which was determined as the
area-weighted average U-values of the roof, sides, and front and rear thereof, and it was
determined using Equation (4).

roof Us:de Uﬁ'unl-reur

U-values (W m?2 T1)

18:00 20:00 22:00 00:00 02:00 04:00 06:00
Time

Figure 6. U-values of the components of the experimental greenhouse: its cover (U), roof (Usy),
sides (Usige), and front and rear U-value (Ugps-reqr) (24 February and 3 March 2016).

The average U-values reached a maximum of 4.49 W m~2 °C~! at 18:20, whereas
the maximum U-values of the roof, sides, and front and rear were 542 W m 2 °C~! at
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18:20,2.73 Wm~—2°C~! at 19:30, and 2.88 W m—2 °C~! at 18:20, respectively. These results
indicated that the greenhouse U-values reached a peak just after sundown, when the
outdoor air temperature during the experimental period was relatively high. This finding
also agrees with a result indicating that high outdoor air temperatures and a low difference
in the indoor and outdoor temperatures produced higher U-values [17,18,24,25]. The mean
U-values of the roof, sides, and front and rear of the greenhouse were 4.35, 2.41, and
2.35 W m~2 °C~1, respectively, whereas the average U-value of the greenhouse cover was
3.69 W m~2 °C~!. These results are very similar to those in Kim et al. [10] and the Japan
Greenhouse Horticulture Association handbook [26], which shows the U-values of a double-
layered plastic greenhouse to be 3.85 W m~2 °C~! and 3.80 W m~2 °C~!, respectively.

Figure 7 shows the cover U-value as a function of the difference in temperature, AT,
between the interior and exterior of the greenhouse. The U-value of the cover decreased as
the temperature difference increased. This finding showed the same trend as that reported
in previous studies [24,25], particularly when the difference between the interior and
exterior temperatures was approximately 5.8 °C or higher. The equation of the regression
model was U = —0.277AT + 5.902 (coefficient of determination R? = 0.845). This equation
indicates a decrease of 0.277 W m~2 °C~! in the U-value of the cover for every 1 °C increase
in AT. This shows that the average U-value has a negative linear relationship with AT.

5
4
O3
o U=-0277 AT +5.902
g, R2=0.845
=3
=
1
0 : :
5 6 7 8 9 10

Difference in internal and external temperature (C)

Figure 7. U-value of the cover of the experimental greenhouse (U) as function of AT, the temperature
difference between the interior and the exterior of the greenhouse (24 February and 3 March 2016).

The relationship between the average U-value and the outdoor wind speed (w) is
presented in Figure 8, which shows that the average U-value increases with the increase in
outdoor wind speed. This finding agreed with those of many previous studies [18,24,25].

5
4
O 3
% U = 0.586w + 2.955
s 2 2=0.578
D
1
0
0.0 05 1.0 1.5 2.0 2.5 3.0

Outdoor wind speed (m s)

Figure 8. U-value of the cover of the greenhouse (U) as a function of the outdoor wind speed (w).
The solid lines represent a linear regression plot (24 February and 3 March 2016).
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Figure 8 also shows that the values between the average U-value of the cover and the
outdoor wind speed have a positive linear correlation. The equation of the regression model
was U = 0.586w + 2.955 (R? = 0.578). This indicates that the average U-value increased by
0.586 W m~2 °C~! when the outdoor wind speed increased by 1 m s~!. Although the R?
values of the average U-value as a function of AT were greater than those of the outdoor
wind speed, the results indicated that the principal parameters affecting the U-value of the
cover of the greenhouse are AT and w.

Figure 9a—c shows that the average U-value for the experimental greenhouse, shown as
a function of the U-values of its roof, sides, and front and rear, has a clear linear relationship
with the latter U-values, respectively; the equations of the regression models are U =
0.778Uear + 0.307 (Figure 9a), U = 2.072U;4, — 1.303 (Figure 9b), and U = 1.608Ufon —rear —
0.082 (Figure 9¢). The corresponding R? values are 0.997, 0.805, and 0.934. These indicate
that the independent variables contributed to the average U-value, and that the reliability
of the regression models was extremely high, demonstrably. The average U-value increased
as the U-values of the roof, sides, and front and rear increased, as expected; therefore, it
was both very appropriate and easy to obtain the average U-value using the U-values of
the individual components of the experimental greenhouse.

5
a
—~ U = 0.778 U, 00+ 0.307
o 4 R2=0.997
=
=3
5 3
2
1 2 3 4 5 6
Uz oof (W m-?. °c-1)
5
b "
Fy
! a
(&)
& a U=2.072 U,,;,— 1.303
> R2=0.805
S
1 2 3 4 5 6

Uside (W m-Z °c-1)

Figure 9. Cont.
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Figure 9. Average U-value (U) of the cover of the experimental greenhouse, as a function of the
U-values of the roof (Uyyy), sides (Usjge), and front and rear (Ugout—reqr); the relationship between (a)
U and Uy, (b) U and Usig,, and (c) U and Ufpnt—reqr (24 February and 3 March 2016).

4. Conclusions

This study was conducted in order to evaluate the heat loss from and determine the
U-value for the components (roof, sides, and front and rear) of a plastic greenhouse, such
as those that are common in South Korea. The greenhouse was covered with a double layer
of polyethylene of 0.1 mm thickness. The average heat fluxes of the roof, sides, and front
and rear of the greenhouse were 34.3 W m219.1Wm 2 and 18.6 Wm 2, respectively.
The heat flux through the floor reached 0 at 21:00. From 18:00 to 21:00, the heat flux through
the floor contributed negatively to the heat load of the greenhouse, but made a positive
contribution after 21:00. Thus, the greenhouse floor can be treated as a thermal storage
area which absorbs and radiates heat. The roof is the primary contributor to the heat
transfer from the greenhouse cover; its mean heat flux value was 10.4 kW, representing
approximately 78.2% of the heat load of the cover. However, the average heat transferred
through the floor was —0.6 kW, which represents 4.4% of that of the cover; this is a very
low value, and can thus be ignored.

The U-value includes the coefficients of heat transfer via conduction, convection,
radiation, and infiltration. The average U-values for the greenhouse, comprehensively
reviewed in terms of the U-values of its roof, sides, and front and rear, were calculated
based on the area of these components using a weighted average method. The average
U-value obtained for the greenhouse with its double-layered cover was 3.69 W m~2 °C ~1.
This study further demonstrated that the difference in the air temperature inside and
outside the greenhouse and the outdoor wind speed also had an influence on the U-value;
when the former and the latter increased by 1 °C and 1 m s}, respectively, the average
U-value decreased by 0.277 W m~2 °C~! and increased by 0.586 W m~2 °C !, respectively.
The relationship between the U-value of the cover and those of the roof, sides, and front
and rear of the experimental greenhouse fit a directly proportional regression model,
and can thus be computed easily from the U-values of the individual components of the
experimental plastic greenhouse.
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